Abstract: A series of numerical simulations and experiments have been performed to assess the effectiveness of magnetic shielding in a Hall thruster operating in the discharge voltage range of 300-700 V (I sp ≈2000-2700 s) at 6 kW, and 800 V (I sp ≈3000) at 9 kW. In this paper we report on the simulation results and their validation with experimental measurements. At 6 kW the magnetic field topology with which we recently demonstrated highly effective magnetic shielding at 300 V was retained for all other discharge voltages; only the magnitude of the field was changed to achieve optimum thruster performance. It is found that magnetic shielding remains highly effective for all discharge voltages studied. Maximum erosion rates that remain fairly constant across the range of 300-700 V are computed, with values not exceeding 10 -2 mm/kh. Such rates are ~3 orders of magnitude less than those observed in the unshielded version of the same thruster at 300 V. At 9 kW and 800 V, saturation of the magnetic circuit did not permit us to attain precisely the same magnetic shielding topology as that employed during the 6-kW operation since this thruster was not designed to operate at this condition. Consequently, the maximum erosion rate at the inner wall is found to be ~1 order of magnitude higher (~10 -1 mm/kh) than that at the 6-kW level. At the outer wall the ion energy is below the sputtering yield threshold so no measurable erosion is expected. The reasons behind the effectiveness of magnetic shielding at higher discharge voltages are discussed.
ince their inception over several decades ago the application of Hall thrusters has been limited to near-Earth missions largely due to their limited throughput capability. The source of this limitation has been erosion of the acceleration channel walls, which can lead to exposure of critical magnetic circuit components to the high-energy ion beam and, eventually, to engine failure. Recently a new technique was demonstrated to eliminate channel erosion in Hall thrusters [1] based on findings from physics-based numerical simulations with a magnetic-field-aligned-mesh (MFAM) code called Hall2De. [2] Termed "magnetic shielding," the technique enforces the equipotentialization of specific magnetic field lines termed "grazing lines" which, in turn, protect the channel walls from ion bombardment. Deviations from equipotentialization along lines of force in Hall thrusters occur naturally in the bulk of the acceleration channel due to the finite electron temperature (T e ) and the variation of the electron number density (n e ) along these lines. In thrusters with unshielded (US) walls these deviations allow for a component of the induced electric field (E) along the magnetic field (B) that is significantly large to accelerate some beam ions towards the walls causing erosion.
Magnetic shielding was enabled by two major events: (1) Aerojet designed and built the BPT-4000 that demonstrated a zero-erosion state after 5,600 h of qualification testing [3] , and (2) the Jet Propulsion Laboratory (JPL) performed numerical simulations that explained the physics behind these test results. [4] . The simulations also explained why erosion of this thruster in the beginning of the life test occurred at rates observed in other Hall thrusters, and why it stopped after material was eroded away to expose a critical magnetic field topology to the plasma. These explanations led to the development of the theory behind magnetic shielding, followed by a laboratory demonstration of a magnetically shielded (MS) Hall thruster called the H6MS [5] [6] [7] . During this 2-yr, proof-of-principle effort, development of a new thruster was unfeasible so our approach was to modify the channel geometry and magnetic field of an existing thruster -a 6-kW laboratory Hall thruster called H6 [8] -with the guidance of physics-based numerical simulation. Hereinafter we shall term the unshielded version of this thruster the H6US. The demonstration of the H6MS was performed at a discharge voltage (V d ) of 300 V and discharge current (I d ) of 20 A.
Magnetic shielding relies heavily on our ability to achieve low T e along the grazing lines of force. A natural question then arises about the effectiveness of this technique to protect the channel walls in thrusters operating at V d >300 V, where electrons are expected to be hotter. Maximum values of T e in these thrusters vary typically between 10-20% of the discharge voltage. The question is of immediate significance to ongoing thruster development and testing activities at the NASA Glenn Research Center (GRC) and JPL aimed at supporting NASA's Asteroid Initiative, which includes a proposal to robotically capture a small near-Earth asteroid and redirect it safely to a stable orbit in the Earth-moon system where astronauts can visit and explore it (Fig. 1 ). [9] Trajectory studies have shown that an Asteroid Redirect Mission (ARM) will require Hall thrusters operating at a specific impulse (I sp ) of ~3000 s. [10, 11] Moreover, these thrusters will be expected to deliver a throughput of 12,000 kg of xenon [11] , which is nearly a factor 30 greater than the 425 kg launched on the Dawn mission (the largest xenon propellant load launched to date). In response, NASA's Space Technology Mission Directorate, In Space Propulsion Project is supporting investigations of magnetic shielding in high-I sp thrusters. These investigations include numerical simulations, thruster modifications and testing of the NASA 300M, a 20-kW Hall thruster developed at GRC [REF] , and of the H6MS Hall thruster developed at JPL [5] [6] [7] . The main objective of the most recent work with the H6MS at JPL has been to demonstrate magnetic shielding at high discharge voltages culminating with a wear test at 9 kW and 800 V.
In this paper we report on the results from numerical simulations of the H6 thruster intended to assess the effectiveness of magnetic shielding in the range of 300-800 V. For brevity we shall follow the naming convention (Discharge power)(MS or US)(Discharge voltage) when referring to the thruster configuration and its operating condition. For example, the unshielded thruster operating at 6 kW and 300 V will be referred to as the 6US300 condition or configuration, the magnetically shielded thruster at 9 kW and 800 V will be called 9MS800 and so on and so forth. Section I provides a summary of the first principles of magnetic shielding and describes briefly the models and methods used in the numerical simulations. Section II reports simulation results for the H6MS in the range of 300-700 V and compares these results with plasma measurements obtained in the Owens vacuum facility at JPL. Section III reports simulation results for the H6MS at 9 kW and 800 V and compares these results with a limited set of data from the ~115-h wear test. A detailed report of the performance and wear test data is planned for another publication in the near future. The paper concludes with Sec. IV.
I. Theory and Models

A. Magnetic Shielding First Principles
The theory behind magnetic shielding was discussed in detail in previous publications. [1, 6, 7] In this section we provide only a summary of the main points for completeness. We begin with a brief review of well-known operational characteristics of Hall discharges as they are critical in establishing some of the key elements that allow magnetic shielding to be effective. The number density of electrons in Hall thrusters is low enough such that collisions in the azimuthal direction seldom impede their E×B drift, yielding in this direction a significant flow of current, the Hall current. Operation under these conditions implies a high value of the Hall parameter for the electrons, Ω e ≡ω ce /ν e >>1, where ω ce and ν e are the electron cyclotron and total collision frequencies, respectively. As the Hall current crosses B the induced E is in the direction perpendicular (⊥) to B and proportional to ~ηΩ e 2 j e⊥ (according to Ohm's law). E ⊥ /q i serves as the main acceleration force on the ions. Here, the electron current density and resistivity are denoted by j e and η, respectively. The increased resistive heating of the electrons in the region of high E leads also to an increase in T e . Typical profiles of the plasma potential (φ) and T e along the channel centerline (CL) are shown in the schematic of Fig. 2-left .
Under typical discharge conditions in Hall thrusters the resistance to the transport of heat and mass in the electron flow in a direction parallel (||) to B is much smaller (by ~Ω e 2 ) than that in the ⊥ direction for most of the channel region. Thus, T e remains relatively unchanged along the lines of force:
Moreover, in the absence of a resistive contribution to E in this direction the electron momentum equation simplifies to:
Equations (1) and (2) yield respectively two well-known properties of the lines of force in these thrusters [12, 13] : T e ≈T e0 and φ≈φ 0 +T e0 ℓn(n e /n e0 ) along a magnetic field line, where T e0 , φ 0 and n e0 denote integration constants. Thus, though each line is nearly isothermal it is not also of fixed potential unless the electron temperature is zero. This allows for a finite component of E parallel to B which, in turn, can lead to ion acceleration towards the containing walls if the B-lines begin/terminate at the surface of the material. Erosion of the channel walls occurs when ions strike them with sufficient energy to sputter off material.
Deviations from equipotentiality along lines of force near the channel walls has been the main reason that most state-of-the-art (SOA) Hall thruster designs have continued to experience channel erosion. To better illustrate the main impediment we use as an example a typical SPT-like magnetic field configuration as depicted in Fig. 2 -middle. We designate this as a "US configuration." Here the variation of φ and T e along the walls is similar to that along the CL because the lines are nearly radial. Consequently, the elevated E || and T e at the walls can drive a flux of high-energy ions to the walls. The induced erosion can be reduced marginally if the curvature of lines is made more convex towards the anode as originally proposed by Morozov et al. [13] By comparison, magnetic shielding reduces erosion rates by orders of magnitude in the beginning-of-life configuration of the thruster.
Referring to Fig. 2 -right, magnetic shielding is achieved by way of a magnetic field topology that sustains high φ and low T e along the channel-grazing magnetic field lines, in fact, as close as possible to the discharge voltage V d and to the coldest values of T e that can be attained inside the channel, respectively. In this manner the incident-ion kinetic and sheath energies can be marginalized. Moreover, with a properly designed combination of B and channel geometry, E can be controlled to be both nearly perpendicular to the surface and large in magnitude, as shown in the MS configuration Fig. 2 -right. In this manner the induced E ⊥ forces ion acceleration away from walls without loss of thruster performance. This also reduces the wall-incident ion flux. It is emphasized that a change in the geometry of the wall alone, e.g. chamfering of the surface, is not sufficient as it has been demonstrated in our previous tests. [6] The key principle behind magnetic shielding lies in the recognition that the electron pressure (yielding T e ×ln(n e ) in Eq. (1)) forces E and B to no longer form an orthogonal set ( Fig. 2-middle) . Thus, a geometry of B-lines with convex curvature toward the anode cannot effectively control E near surfaces (and, in turn, the erosion) if the near-wall lines are not also equipotential. In contrast, Fig. 2 -right shows a magnetically shielding B topology. This topology eliminates the contribution of the electron pressure by exploiting those B-lines that extend deep inside the acceleration channel, near the anode. Because these lines are associated with high φ 0 and low T e0 the contribution of T e ×ln(n e ) is marginalized. The question this paper aims to answer is whether magnetic shielding remains effective at higher discharge voltages where both T e and φ are higher as well. We argue that if magnetic shielding is to remain effective under these conditions the critical ability to demonstrate is the sustainment of low T e near the anode as this would ensure the constancy of the plasma potential along the grazing lines. If this was achieved then, in principle, the magnitude of this plasma potential would be of little significance to erosion and magnetic shielding would remain effective at higher discharge voltages. [2, 14] a two-dimensional (2-D) computational solver of the conservation equations that govern the evolution of the partially ionized gas in Hall thrusters. The governing equations, numerical methodology, various thruster simulations and comparisons with measurements have been presented elsewhere. [2, 5, 7] Here, we provide only a brief overview of the code for completeness.
Fig. 2. Schematics of the upper half of the annular acceleration channel in a typical magnetic-layer
Excessive numerical diffusion due to the large disparity of the transport coefficients parallel and perpendicular to the magnetic field is evaded in Hall2De by discretizing the equations on a computational mesh that is aligned with the applied magnetic field. The MFAM capability in Hall2De was largely motivated by the need to assess the life of Hall thrusters with complicated magnetic field topologies. Shown in Fig. 3 -left is a schematic of the computational domain used in the H6 simulations with naming conventions of various thruster components and boundaries. A photograph of the thruster operating in a vacuum facility at JPL is shown in Fig. 3 -right. The MFAM spans a computational domain in r-z geometry that extends several times the thruster channel length in the axial direction, and encompasses the cathode boundary and the thruster CL. The numerical solution of the conservation equations for the heavy species is obtained without invoking discrete-particle methods. The evolution of the (collisionless) neutral species is computed using line-of-sight formulations that account for ionization. [14] Ions are treated as an isothermal, cold (relative to the electrons) fluid, accounting for the drag force and the ionpressure gradient. Up to triply-charged ions and up to four distinct ion fluids can be included in Hall2De. 
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In the H6 simulations presented here three charge states were accounted for but all ions were considered to be part of a single fluid. The electron population in Hall2De is treated also as a fluid. The solution of the electron energy conservation equation provides T e . Ohm's law is solved in the frame of reference of the magnetic field with the electrical resistivity accounting for contributions from collisions of electrons with all other species. It has also been argued that the diffusion of electrons in Hall thrusters is enhanced in a non-classical manner by plasma turbulence [15] [16] [17] [18] . In numerical simulations this enhancement has typically been modeled using an effective or "non-classical" collision frequency. Denoting this collision frequency as ν α , we impose in Hall2De a so-called transport coefficient function f α (r,z) and set
Our specification of f α is guided by plasma measurements whenever they exist. In the present simulations plasma measurements that spanned both the interior of the acceleration channel and the plume region existed only at the 300-V case. Thus, f α at V d >300 V was implemented by assuming that its general spatial variation did not vary but its magnitude was determined by iterations guided by the measured I d and thrust (F). The conservation equations for the electrons are closed with boundary conditions (BC) at all surfaces shown in Fig. 3 -left. The channel (ring) walls and the thruster front plate are dielectric boundaries. At the anode we impose sheath BCs for the electron current density normal to the anode. At the cathode boundary the neutral particle flux, ion flux, plasma potential and electron temperature are specified. For all dielectric-wall boundaries a zero-current condition is imposed. At these surfaces the BC for the convective heat loss follows the formulations of Hobbs and Wesson [19] for the potential drop in a sheath with secondary electron emission. The far plume solution is subject to outflow BCs. The energy equation is solved in a semi-implicit fashion; the thermal conduction term is implicit whereas all other terms are evaluated explicitly. Current conservation, incorporating Ohm's law to solve for the electron current density, is also solved implicitly. 
where the incident ion current density perpendicular to the channel wall, j i⊥ , is dependent on the ion number density (n i ) and the ion velocity (u i ) at the wall. The sputtering yield of the channel material, Y (expressed throughout the paper in mm 3 /C) is a function of the ion impact energy (K) and incidence angle (β). Because ions must traverse a sheath before striking the wall, the total impact energy is the sum of the kinetic energy K i =½m i u i 2 /q i (expressed in units J/C) ions of mass m i have acquired in the plasma upon entrance to the sheath, and the sheath potential energy denoted as ∆φ. That is,
The potential energy ∆φ, transformed to ion kinetic energy as the plasma ions are accelerated inside the sheath towards the solid material, is computed based on the solution to the 1-D sheath equations in the presence of secondary electron emission. Hobbs and Wesson showed that the sheath equations for this problem consist of a system of three non-linear equations for the electric field, sheath potential and ion Mach number. For ease of computation in the numerical simulations we employ a fit [20] ∆φ=∆φ(T e ) to the solution of these equations. In the numerical simulations the vertex-centered u i and the elementcentered n i at each computational element adjacent to the wall boundary are used to determine the total impact energy K=K i +∆φ and angle β. Then the sputtering yield is determined as follows:
The fitting functions we have used are f K (K i +∆φ) for the energy dependence at zero angle of incidence and f β (β) for the angle dependence: (7) and are plotted in Fig. 4 . For the boron-nitride (BN) material used in the thruster studied here there are only limited measurements of the sputtering yield, most of which provide values for energies ≥100 V. [21] [22] [23] Recently, measurements at energies <100 V were produced by Rubin et al. [23] However, Rubin et al. also acknowledged that their values were higher than published data. While they discussed possible sources of this discrepancy, investigations to confirm its/their identity had not yet been completed. Hence, in our simulations we have relied on the work of Garner et al. [21] and of Yalin et al. [22] to guide f K . Their data are plotted in Fig. 4 -right. Regarding the choice of K T in Eq. (7)-right, based on a series of sensitivity simulations and comparisons with profilometry measurements in the H6US thruster we have found that 25 ≲ K T ≲ 50 V covers the range within which the true K T most likely resides for BN. [6, 7] This is also in agreement with the conclusions of Shastry. [24] Because a single value of K T remains unknown, in the present work we consider both limits. To illustrate the differences in the sputtering yield, two functions f1 K and f2 K are plotted in Fig. 4 -right corresponding to K T =25 V and 50 V, respectively. In the Hall2De code ε is set to zero when K<K T . 
II. Simulation Results and Comparisons with Experiments at the 6-kW Power Level
A. Plasma and thruster performance
We present in this section results from Hall2De simulations of the H6MS in the discharge voltage range of 300-700 V. All results in this range have been at the operating power of 6 kW. An additional simulation at 9 kW and 800 V has been performed the results of which are presented in the next section. Operation at I d =20 A and V d =300 V will be referred to as the nominal operating condition.
Though only negligible differences were observed between the measured and modeled magnetic shielding field topologies at the 6MS300 operation, all simulations presented here have used the measured magnetic field. The measurements were obtained using a 3-axis gaussmeter [6] . Also, a higher-resolution computational grid was constructed and used for all simulations in the range 300-700 V compared to that used in our 2012 simulations at the 6MS300 condition [1, 7] . We found negligible differences in the results between the two grid arrangements. The magnetic shielding field topology was held fixed in all simulations at the 6-kW power level compared to that at the nominal condition, but its magnitude was scaled linearly with the inner coil current values specified in the experiments. The radial components of the magnetic field along the channel centerline as implemented in the H6MS 300-700 V simulations are plotted in Fig. 5 . All thruster operating conditions required for the Hall2De simulations -the anode and cathode flow rates, the discharge voltage and the background pressure -were provided by the experiments.
Far plume plasma measurements at 300 V were used to assign values of T e at the outflow boundaries, while internal and near-plume plasma and performance measurements for the discharge current and thrust were used to guide the specification of the collision frequency, ν α . In previous work [5, 7] we found that f α exhibited significant deviations from a constant and argued that there was no strong evidence to support a Bohm-like dependence (i.e. ∝ ω ce ∝ |B|) of ν α . More recently, a detailed investigation of the effects of the collision frequency ν α was undertaken, the results of which are beyond the scope of this paper and are therefore reserved for a future publication. This recent work has led to a better understanding of the spatial variation of ν α both inside and outside the acceleration channel of this thruster and, as such, the simulations now predict the behavior of the thruster more accurately compared to our previous simulations at 300 V. [7] Table 1 shows that for both the US and MS thruster configurations the discrepancy between experiment and simulation for all performance related quantities compared is less than 5.6%, with the exception of the singly-and triply-charged ion fractions. In light of the limited data that exist for the ionization cross sections of these species we speculate without proof that these higher American Institute of Aeronautics and Astronautics discrepancies may be due to errors in these cross sections. Regarding any correlations with Bohm-like variation of ν α at the higher discharge voltages, we find (as in the 300-V cases) that the frequency is not proportional to |B| in the vicinity of the acceleration region, as suggested by the comparison in Fig. 5 (we note that B z << B r along the channel CL). The total classical collision frequency is found to be less significant compared to ν α inside the channel with increasing discharge voltage. The simulation results for T e and φ along the channel centerline at the 6MS300 condition from the new simulations are plotted in Fig. 6 . Compared to our previous (2012) results [7] we achieve here better accuracy based on the comparisons with the plasma measurements. Specifically, it is found that the overestimation of the computed electron temperature in the near plume region that was observed during our previous simulations was reduced only by modifications of ν α inside the channel. Despite such improvements however, the simulation continues to overestimate in general the measured T e which suggests that some energy loss mechanism(s) is(are) either not accounted for or not well understood. The maximum Te is found to be ~30% less in the simulations that the experiments. Though no such measurements exist yet for V d >300 V, similar discrepancies are expected at the higher discharge voltages as well. Regarding effects on erosion, overestimates in T e imply also higher erosion rates due to the increased energies that ions could gain through the sheath, so our simulation results would in fact be conservative in this regard. The good agreement obtained between experiments and simulations for the plasma potential as well for the performance of the thruster at 300 V, allowed the 6MS300 simulation to serve as the basis for the remaining simulations at the higher discharge voltages for which only limited plasma measurements were available for comparisons. The comparisons are shown in Fig. 6 -right and summarized in Table 2 . Similarly to the 300-V cases, we find the discrepancies between experiment and simulation to be small, approximately less than 3%. Regarding thruster performance, the total efficiency of the thruster was measured to be between 61.2-63.7% in the range of 300-700 V. Compared to the 6US300 operation, the efficiency decreased at the 6MS300 from 63.5% to 62.7%. A more detailed account of all the measurements performed in this range of operating conditions will be reported in a future publication. The simulation results on the variation of T e and φ along the channel centerline are compared in Fig. 7 for the range of 400-700 V. The 300-V result from Fig. 6 is also included for completeness. We find that although the maximum electric field, and therefore the majority of the acceleration, occur downstream of the channel exit (i.e for z/L c >1), for all discharge voltages, this acceleration begins deeper into the channel the lower the discharge voltage. This can be seen in Fig. 7 -left where the plasma potential exhibits the most gradual variation with z/L c near the exit plane at 300 V, becoming steeper as V d increases. Also evident in Fig. 8 , which plots contours of n e overlaid by vectors of the singly-charged ion flux, is a purely two-dimensional effect associated with the structure of the ion flux vector field at the chamfered regions of the channel. Ions appear to become slightly more divergent near the channel exit which implies more of them can strike the chamfered walls. However, if magnetic shielding is effective in sustaining near-constant φ and low T e along these walls (per Fig. 2-right) , thereby reducing the energy of these ions, such increase in the ion flux should have only a small effect on erosion. This is because in magnetically shielded thrusters, where the ion velocity to the walls is reduced significantly (compared to unshielded thrusters), the erosion rate is much more sensitive to changes in the ion energy (see Fig. 4 right) whereas its dependence on the ion flux is only linear. The expected rise of the maximum T e with discharge voltage is also obtained and found to range 15-18% of the discharge voltage as shown in Fig. 8 right and Fig. 8 middle and bottom. Regarding implications on erosion, it is emphasized that the higher electron temperatures that are obtained as the discharge voltage increases will yield higher erosion rates only if the magnetic shielding topology is not effective in keeping electrons cold near the channel walls. This is discussed further in the next section.
Fig. 6 Left: Comparison between simulations and measurements of φ and T e along the channel centerline in the H6MS at 6 kW, 300 V. Right: Comparison between numerical simulation results and measurements of the discharge current and thrust of the H6MS at various discharge voltages.
Fig. 7. Computed plasma potential (left) and electron temperature (right) along the channel centerline of the H6MS in the discharge voltage range of 300-700 V.
B. Erosion of the channel walls
The computed plasma properties from the simulations have been used in the erosion model described in Sec. I.B.2 to assess the effectiveness of magnetic shielding in the range of 300-700 V. We find that the desired behavior of the plasma along the channel walls, as described in Sec. I.A is achieved at all discharge voltages. Specifically, Fig. 9 -left shows that the plasma potential for all cases along the inner wall is sustained at a near-fixed value that is close to the discharge voltage. The same behavior is found at the outer wall. This is largely driven by the low electron temperatures achieved near this region as shown in Fig. 9 -right. Two noteworthy findings here is that the computed T e along the chamfered walls does not exceed ~2.5 eV, and that its value studied does not vary significantly with discharge voltage. Because the grazing magnetic field line at the inner wall extends deep into the anode region in this thruster, the low T e values observed along the near-exit portions of channel walls is nothing but a reflection of the low T e values that persist near the anode. This can easily be seen in Fig. 7 -right also, which shows that despite the expected rise of the maximum electron temperature with increasing discharge voltage, the magnetic field is highly effective in reducing the conduction of heat from the near-exit to the anode. Referring to Fig. 7 -right, we note that the intersection of the grazing magnetic field line and channel centerline occurs at approximately z/L c =0. 15 where T e for all discharge voltages is approximately the same.
Fig. 8. Computed n e , T e and φ contours from the H6MS numerical simulations in the discharge voltage range of 300-600 V. The n e contours are overlaid by flux vectors of singly-charged xenon ions.
The consequence is that the total energy of ions, which accounts for both the energy gained in the plasma and though the sheath, remains low as plotted in Fig. 10 -left. We find for example that the maximum energy of singly-charged ions striking the inner wall is between 25-50 V for all discharge voltages. At the outer wall the maximum energy does not exceed 25 V for all discharge voltages except at 300 V and 700 V where we find values at the most downstream edge to be 30.1 V and 28 V, respectively. The erosion rate at the inner wall is found to be nearly constant with discharge voltage, and not exceeding 10 -2 mm/kh. At the outer wall the erosion rate is less than 7.6×10 -3 mm/kh. These values are about three orders of magnitude lower than the maximum erosion rate measured in the unshielded H6 thruster at 300 V, as illustrated in Fig. 10 -right. 
III. Simulation Results and Comparisons with Experiments at the 9-kW Power Level
A. Plasma properties
Motivated by operating conditions required for ARM, the Hall thruster was tested at 9 kW and 800 V for performance and wear in the Owens vacuum facility at JPL. Several diagnostics were employed during the tests including among others a thrust stand, current probes for measuring discharge current oscillations, thermocouples and a thermal camera, anode pressure transducer, far-field Faraday probe, and a Quartz Crystal Microbalance (QCM) and witness plates for measuring the rate of carbon deposition rate. The wear test lasted for approximately 115 h. A detailed report of the experimental campaign is planned for the near future. In this section we present results from Hall2De simulations aimed at elucidating the expected behavior of the plasma and wall erosion at this higher power level and discharge voltage.
The numerical simulations were performed at the following operating conditions provided to us directly from the experiments (approximately 4 h into the wear test): Table 3 . Operating conditions of the H6 thruster in the 9MS800 configuration as used in the numerical simulations.
Operating Parameter Condition
Discharge power (kW) 9.01 800.1 11.26 12.31 0.86 1.2×10 -5 Discharge voltage (V) Discharge current (A) Anode flow rate (mg/s) Cathode flow rate (mg/s) Chamber pressure (Torr) Because this (nominally) 6-kW laboratory Hall thruster was not designed to operate at the 9-kW 800-V level, magnetic circuit limitations did not allow us to achieve the most effective magnetic shielding topology in this configuration. These differences are discussed in more detail later in this section. Despite these limitations it was nevertheless possible to retain the same location of the maximum value of the magnetic field along the channel CL as that during the 6MS300 operation. The radial component of the field at the 9MS800 condition is compared to that in the 6MS300 in Fig. 11 -left. Measurements of the applied magnetic field prior to the wear test were performed using a 3-axis gaussmeter that spanned the acceleration channel and the near plume region. Because in the far plume only negligible differences in the topology of the field were expected, the measurements were blended with those in the 6MS300 in the far plume and then the combined solution was implemented in Hall2De to construct the MFAM. The computed electron temperature and plasma potential along the channel centerline are compared with those for the 6MS300 condition in Fig. 11 -right. We find no unexpected trends in the solution. The majority of the acceleration during the 9MS800 operation takes place between 1<z/L c <1.5, the region where the magnetic field at the centerline also achieves its maximum. No plasma measurements were available at the time of these simulations but, as in the results at the 6-kW level, it is likely that the maximum electron temperature, ~160 eV (20% of V d ), is overestimated by approximately 30%. The measured thrust (~386 mN after 114 h) was underestimated in the simulations by 5.9 %. An important distinction between the 9-kW and the 6-kW operations was the magnetic field topology near the channel walls. Briefly, due to saturation of the magnetic circuit at 9 kW and 800 V it was not possible to extend the grazing magnetic field line along the inner wall as far upstream from the channel exit as that during the 6MS300 operation, as illustrated in Fig. 12 (a) . More detail on the magnetic circuit limitations will be provided with our report on the experiments in a near-future publication. Thus, it was expected that due to the higher electron temperature of this grazing line of force  caused by (1) its closer proximity to the downstream region of hot electrons and (2) the higher operating discharge voltage  the erosion rates could be higher at least at the two edges closest to this line. To the contrary, magnetic shielding of the outer wall was expected to be as effective as in the 6MS300 since the location of the grazing line along this wall was not significantly different in the 9MS800, as seen by the comparison in Fig. 12 (a) . Indeed, visual inspection of the insulator rings upon the conclusion of the wear test showed that, compared to the fully-darkened(grayed) surface of the during the 6MS300 operation in Fig. 12 (c) [6, 7] , a light discoloration appeared around the two edges at 9MS800 inner wall (indicated by the two arrows in Fig. 12 (d) ). As it was described in previous publications [6, 7] , the darkening of the boron nitride channel walls, which are originally of white color, occurs due to deposition of carbon from the vacuum chamber and is an indication that erosion rates have been reduced significantly. For comparison, also shown in Fig. 12 (b) is a photograph of the inner ring at the 6US300 condition after 28 h of operation. The photograph shows a clear discoloration of the BN which is caused by the impingement of high-energy ions onto the surface. Along this "erosion band" the erosion rate greatly exceeds the carbon deposition rate. The extent of the band was measured to be z/L c~0 .1 which is consistent also with profilometry measurements. [6] A closer look at the simulation results explains the observations in the wear test (Fig. 12 (d) ). The computed electron temperature contours from the 9MS800 simulations are shown in Fig. 13 -left. Also shown are the grazing magnetic field line along the inner wall and a line that passes by the downstream edge of the chamfered wall. Point A is at z/L c =0.46 which is ∆z/L c =0.26 downstream of the intersection between the grazing line and the centerline at the 6MS300 condition. The electron temperature at points A and B is computed to be 4.3 eV. At this value we find the total energy of ions at point B to be below the minimum sputtering yield threshold of K T =25 V and therefore no erosion is predicted by the simulation as shown in Fig. 13 -right. However, because the sputtering yield at these low energies is extremely sensitive to changes in the ion energy, a sensitivity analysis on the dependence of erosion rate on T e reveals that a change of only ~1.5 eV would force the erosion rate at this point to exceed the carbon deposition rate of 2.5×10 -3 mm/kh that was measured during the wear test. We find the plasma potential along the inner wall to be held very near to the discharge voltage so the increase in the erosion rate is caused largely by changes in the energy gained by ions in the sheath. Based on the Hobbs and Wesson solution [19] , the sheath potential along the insulator walls is a strong function of the electron temperature and as a consequence we find that at point B an increase of 1.5 eV yields an increase of ~6 V in the sheath potential, which is sufficient to raise the total ion energy above the assumed sputtering threshold. Similar arguments on the sensitivity of the erosion rate can be made also for the downstream edge of the chamfered region where the temperature is computed to be 5.9 eV. It is noted that changes of 1.5 eV (~0.1 % of the maximum T e ) are well within both the simulation and experimental uncertainties. It is therefore argued that the discoloration at the two edges in Fig. 12 (d) was indeed caused by a higher erosion rate that was due largely to a slightly higher-than-desired T e of the grazing line. Though unfavorable and easily fixable in a new thruster design, this feature serves as additional confirmation of our understanding of magnetic shielding physics. As expected, no such discolorations were observed at the outer wall since the location of the grazing line at the outer wall of the 9MS800 configuration was not significantly different than the one in the 6MS300. Detailed photographs of the wear-tested insulator rings and analyses of all the experimental results are planned for a future publication by Hofer et al. The total kinetic energy of ions bombarding the inner and outer walls during the 9MS800 operation, as determined by the simulations, is compared in Fig. 14-left . We find that the ion energy at the outer wall is below the minimum sputtering threshold of K T =25 V so no erosion is expected here. At the inner wall we find that the ion energy exceeds the 25-V threshold but is below the 50-V maximum (also depicted in Fig. 14-left as the two horizontal lines). Assuming K T =25 V, Fig. 14 -right plots the computed erosion rate at the inner wall. We find that the maximum of ~0.15 mm/kh is almost two orders of magnitude less than the value measured in the unshielded thruster at 300 V. For reference, the measured carbon deposition rate was 2.5×10 -3 mm/kh. As explained in previous publications (e.g. [6, 7] ), it is worth noting that carbon build-up on the thruster surfaces occurs even when the erosion rate of BN exceeds the rate of carbon deposits. 
IV. Conclusions
During a 2-yr research program that started at JPL in 2009 the first principles of magnetic shielding were derived and demonstrated for the first time in a modified ("MS") version of the H6 Hall thruster at 6 kW and 300 V. Magnetic shielding was enabled by first, the BPT-4000, designed and built by Aerojet, that demonstrated a zero-erosion state after 5,600h of qualification testing and second, the numerical simulations and theoretical work performed at JPL that explained the physics behind these test results, including the reasons this thruster exhibited typical erosion rates in the beginning of the test.
Motivated by recent mission studies in support of ARM an effort to assess the effectiveness of magnetic shielding at discharge voltages >300 V began at JPL and NASA GRC that combined both numerical simulations and experiments. This paper has reported on the first simulation results of a magnetically shielded thruster in the range of 300-800 V. Near-future publications are planned to report on the results of the experimental campaigns.
The simulations at 6 kW and the range of 300-700 V show that, if properly designed relative to the channel geometry, the applied magnetic field can provide highly effective shielding of the walls despite the rise in the electron temperature and plasma potential expected with the increasing discharge voltage. This is because if the channel is long enough electrons near the anode can cool rapidly upon traversing the acceleration zone where most of their heating takes place. Then, if the grazing lines of force extend deep enough into the channel their temperature will remain low enough to eliminate or reduce significantly parallel gradients of the plasma potential near the walls. If this is achieved the magnitude of the discharge voltage is of no significance to erosion. In the range of 300-700 V we compute erosion rates that were ~3 orders of magnitude less than those measured in the unshielded H6 thruster at 300 V.
The importance of carefully designing the grazing lines of force has been demonstrated in additional simulations and experiments performed at 9 kW and 800 V, a condition at which this thruster was not designed to operate. As a result saturation of the magnetic circuit components did not allow us to achieve the same magnetic shielding topology as that during the 6-kW operation. Specifically, the grazing line along the inner wall appeared noticeably further downstream of its location in the H6MS. This led to a temperature in the 9MS800 configuration that, though much lower than the maximum value in the channel, was still high enough to allow for higher erosion rates near the two edges grazed by the magnetic field line at the chamfered wall. Indeed, after a ~115 h wear test of this thruster the two edges appeared noticeably discolored compared to the rest of the chamfered region, which appeared dark due to carbon deposition. The simulations yielded a maximum erosion rate for this operating condition of 0.15 mm/kh which is ~1 order of magnitude higher than the highest value computed in the H6MS simulations but still ~2 orders of magnitude less than the value measured in the unshielded (H6US) thruster at 300 V.
